Efficient targeting of newly synthesized membrane proteins from the endoplasmic reticulum to the inner nuclear membrane depends on nucleotide hydrolysis. A new study shows that this dependence reflects critical actions of the atlastin family of GTPases in maintaining the morphology of the endoplasmic reticulum network.
Eukaryotic cells use membrane-delimited organelles to dynamically segregate distinct cellular functions. These organelles differ in terms of their constituent proteins, lipids, shape, interactions, and dynamics. They also have different mechanisms for distributing proteins and other molecules to specific domains within the organelle.
These tasks are particularly challenging for the endoplasmic reticulum (ER), which not only is the largest continuous organelle in the cell but also comprises morphologically distinct domains, including ribosome-studded stacked sheets, a polygonal network of smooth tubules extending promiscuously throughout the cell, and the nuclear envelope. This structural complexity is increased further through selective interactions with the cytoskeleton, ribosomes, plasma membrane, and other organelles. The ER has a correspondingly large variety of functions encompassing the synthesis, modification, and transport of proteins, as well as lipid metabolism, calcium regulation, signaling, and protein quality control. As a consequence, proteins need to be carefully distributed within specific ER domains to subserve these various functions [1, 2] . The nuclear envelope is a specialized ER compartment with two lipid bilayersthe inner nuclear membrane (INM) and outer nuclear membrane (ONM) -that are joined at numerous sites abutting nuclear pore complexes ( Figure 1 ). The INM harbors a unique set of proteins that interact with nuclear lamins and chromatin, playing critical roles in genome regulation and nuclear organization [3] . While targeting of newly synthesized ER proteins to the INM appears to occur mostly via diffusion and subsequent retention through nuclear binding partners, some studies have implicated an active process for selected proteins [4] [5] [6] [7] . In addition, depletion of nucleoside triphosphates affects the targeting efficiency of INM proteins, though the mechanism underlying this dependence has been unclear. In a recent paper in eLife, Pawar et al. [8] show that this INM protein targeting is in fact dependent on GTP, and that members of the atlastin family of membrane-bound GTPases are crucial for sustaining the efficient targeting of INM proteins through dynamic control of ER morphology.
Much work over the past decade has focused on how different membranebound protein families shape and distribute the ER in eukaryotic cells [1, 2] . Reticulons and REEP/DP1 proteins harbor hydrophobic hairpin domains that drive high curvature of tubules through scaffolding and hydrophobic wedging. Atlastins mediate the homotypic fusion of ER tubules to generate the three-way junctions that give rise to its characteristic polygonal network (Figure 1 ) [9] [10] [11] [12] . Other classes of proteins stabilize ER sheets in the cytoplasm [13] . Finally, the nuclear envelope comprises specialized sheetlike membranes studded with nuclear pore complexes; interactions with cytoskeletal elements on both sides of the nuclear envelope help to both stabilize and disassemble this structure, which is dynamically and dramatically regulated during the cell cycle (Figure 1 ) [1, 14] .
So how did Pawar et al. [8] identify a tubular ER protein, seemingly enriched elsewhere more peripherally in the ER network, as a critical component for the proper targeting of proteins to the INM? They first demonstrated a specific dependence for INM protein targeting on GTP hydrolysis using an in vitro system that they had previously described, employing the addition of cell extracts to semi-permeabilized HeLa cells [4] ; the non-hydrolyzable analog GTPgS impaired the diffusion of reporter ER proteins (both membrane and soluble) to the INM. In related experiments, GTP alone was also able to reconstitute INM enrichment of the lamin B receptor (one of the reporters) in semi-permeabilized cells without the addition of cell extracts.
Importantly, in cells treated with GTPgS the authors noted a prominent decrease in three-way junction formation, prefiguring a key role for members of the atlastin family of dynamin-related GTPases, which are known to mediate the formation of three-way ER tubule junctions via dimerization [11] . Indeed, depletion of the predominant atlastin isoforms in HeLa cells [9] noticeably disrupted the morphology of the peripheral ER network. Similarly, acute inhibition via addition of dominantnegative atlastin cytoplasmic fragments, capable of dimerization but lacking the membrane domain required for fusion, inhibited three-way junction formation and caused INM targeting defects. Furthermore, the authors used a 'retention using selective hooks' (RUSH) approach [15] to study the kinetics of INM protein targeting and found that disruptions in atlastin function significantly impaired the targeting kinetics of newly synthesized proteins to the INM [8] .
Other GTPases that have been implicated in shaping the ER network include several members of the Rab GTPase superfamily [1, 2] , and these could conceivably be partly responsible for the GTP-dependence of INM [4] . Thus, the atlastins appear to account for most, if not all, of the GTP-dependence for INM targeting in these assays. The interconnectivity of the ER is fundamental for the proper transport of newly synthesized ER proteins to the INM, and it is illustrative of why the ER maintains its continuity, even during the various stages of the cell cycle. Briefly, in interphase the nuclear size doubles, with a concomitant increase in the size of the nuclear envelope and consequently the need for additional INM proteins. More dramatic changes occur in other cellcycle phases. During prophase, INM proteins become phosphorylated, triggering their dissociation from lamins and chromatin. By late prophase, nuclear envelope permeability is altered, and nuclear envelope membrane proteins are dispersed into the interconnected ER; nuclear envelope breakdown heralds the transition to prometaphase. In late anaphase, the nuclear envelope begins to remerge through increased interactions of chromatin with INM proteins embedded in the mitotic ER, along with the assembly and incorporation of nuclear pore complexes [14] . Not surprisingly, perturbations of ER-shaping reticulon proteins can alter nuclear envelope and nuclear pore formation [16, 17] . Also, codepletion of the ER-shaping and microtubule-binding proteins REEP3 and REEP4 induces membrane accumulation on metaphase chromosomes and nucleoplasmic reticulation in daughter cell nuclei [18] . Thus, the continuity and shape of the ER play critical roles in the formation, enlargement and dynamic alterations of the nuclear envelope.
Though the Pawar et al. [8] study focuses on the importance of atlastin GTPases in the targeting of INM proteins, it emphasizes more generally the critical role of proper ER morphology, connectivity and dynamics in the positioning of proteins throughout the cell, particularly for mechanisms emphasizing diffusion and retention of ER-synthesized proteins. This is underscored further by the fact that mutations in many of the proteins that are involved in shaping the tubular ER network -atlastins, reticulons, and REEPs, among others -are mutated in neurological disorders affecting very long neuronal axons (which therefore have very long ER), such as hereditary spastic paraplegias and hereditary sensory neuropathies [19] . In future studies, it will be interesting to explore in more detail the nature of the junctions connecting the ER to the nuclear envelope; how many are present in various cell types, and are there additional factors that can impact diffusion of proteins within this space? Emerging super-resolution imaging approaches for assessing the dynamics and structure of the ER network should begin to provide additional insight into the mechanisms underlying ER form and function [20] .
